ABSTRACT -(Polyphenolic cells and their interrelation with cotyledon cells in seven species of Theobroma (Sterculiaceae)). The amount of cotyledon polyphenolic cells varies extensively within the Theobroma species. The polyphenolic compounds of these cells play a protective role and furthermore have an important function in the development of chocolate flavour. The morphology of the polyphenolic cells of the mesophyll is described and the development of these idioblasts in Theobroma cacao L., T. subincanum Mart., T. obovatum Klotzsch ex Bernoulli, T. grandiflorum (Willd. ex Spreng.) K. Schum., T. microcarpum Mart., T. bicolor Bonpl. and T. speciosum Willd. ex Spreng analysed. The total polyphenolic content in the seeds as determined by spectrophotometry showed a variation of about forty times. The alive, transparent polyphenolic cells are scattered throughout the cotiledonary mesophyll. However the polyphenolic cells of T. cacao and T. grandiflorum are also aligned perpendicularly with respect to the mesophyll borders and, in addition, both species display polyphenolic cells with a natural translucent purple colour. All the species analysed contained polyphenolic cells scattered throughout the parenchymal cells and also in a lengthwise association with vascular bundles. In T. bicolor and T. speciosum, the species with the lowest polyphenolic contents, these cells were mostly located around the vascular bundles. Using Scanning Electron Microscopy, the polyphenolic cells demonstrated a complex cytoarchitecture, and after fixing with glutaraldhyde, the polyphenolic secretion was shown to remain as a single unit or was organized into round droplets. Transmission Electron Microscopy displayed immature plastids from young mesophyll cells containing eletron-dense deposits similar to phenolic substances, suggesting that Theobroma plastids are involved in the synthesis of phenolics.
Introduction
Polyphenols are compounds derived from glucose metabolism through the acetate and shikimate pathways.
Over 8,000 phenolic compounds are known (Bravo 1998 ). This plurality is associated with the functional diversity observed from cell wall formation up to protection from biotic and abiotic plant stresses (Zaprometov 1992 , Hutzler et al. 1998 , Kuras et al. 1999 . In the cotyledon mesophyll of Theobroma species, the polyphenolic substances from respective idioblast cells are gathered inside large, transparent vacuoles, and Theobroma cacao and T. grandiflorum show even larger vacuoles displaying a translucent purple colouration (Martini 2004 Polyphenolic cells are found in the epidermis and subepidermis of the leaves and roots and in the cotyledon mesophyll of the seeds of T. cacao (Biehl et al. 1977 , Jalal & Collin 1977 . The seed polyphenolics provide, together with other reserve elements, the flavour and colour to chocolate (Porter et al. 1991) and represent from 12% to 20% dw of the defatted seeds (Kim & Keeney 1984 , Wollgast & Anklam 2000 . Epicatechin, pro-anthocyanidins and catechin are the major phenolic compounds (Wollgast & Anklam 2000) .
The health effects of cacao flavonoids were reviewed by Lamuela-Raventós et al. (2001) , Keen et al. (2005) and Sies et al. (2005) . The bioavailability of these compounds depends on other food constituents and on their interaction with the food matrix , Manach et al. 2005 .
The present study of polyphenolic cells was performed after using a series of techniques to prepare the fresh cotyledon mesophylls and also using ordinary microscopic techniques. The objective was to display the morphology and cell characteristics of seven species of Theobroma.
Material and methods
Seeds of Theobroma cacao L., T. subincanum Mart., T. obovatum Klotzsch ex Bernoulli, T. grandiflorum (Willd. ex Spreng.) K. Schum., T. microcarpum Mart., T. bicolor Bonpl. and T. speciosum Willd. ex Spreng. were obtained from mature fruits from the germplasm collection of the "Comissão Executiva do Plano da Lavoura CacaueiraCeplac" located in Marituba, PA, Brazil (1°12' S; 49°30' W).
For each species, 8 to 10 seeds were removed from two mature fruits and a third one starting to mature. The fruits were gathered and sent to the authors by plane in a single week. T. cacao was also received from Itabuna, Bahia (5 fruits). The cotyledons were split and one half microscopically studied whilst the other one was chemically analysed.
One fresh cotyledon mesophyll, normally tightly folded, was immediately immersed in cold phosphate buffer 0.1 M, pH 7.1, and carefully unfolded. Using optical microscopy (OM), each cell type still alive could be recognized. Structural cellular enhancement was carried out using Toluidine Blue (TB) at pH 4 or pH 8 (O 'Brien & McCully 1981) , as well as with Rhodamine B (RB) and Brilliant Cresyl Blue (BCB) vital dyes (Gahan 1984) . In order to obtain permanent samples of the specific seed, the mesophyll of the second cotyledon was fixed in 4% glutaraldehyde phosphate in 0.1 M buffer, included in methacrylate resin, and prepared for OM, both according to O 'Brien & McCully (1981) . Histological routine methods for Scanning Electronic Microscopy (SEM) and Transmission Electronic Microscopy (TEM) were also performed (Harris 1991 ).
The amount of seed polyphenols was determined by spectrophotometry according to the AOAC International official methods of analyses of (AOAC 1997).
Results and discussion
The polyphenolic cell contents were almost transparent. The respective polyphenolic synthesis inside these cells varied according to fruit maturity and gradually increased, replenishing the cell volume. These cells could also synthesize proteins, lipids and starch granules and the synthesis decreased as the respective polyphenolic cells matured (Martini et al. 2003) . Both Theobroma cacao and T. grandiflorum polyphenolic cells (figures 1-2) displayed the same maturation features described above, but only the polyphenolic cells of these two species developed an intrinsic red translucent colour (Martini 2004) . Another feature of T. cacao and T. grandiflorum was the perpendicular orientation of the polyphenolic cells towards the edges of the mesophyll. Finally, a third characteristic common to T. cacao, T. grandiflorum and T. obovatum was the feeble adhesion amongst the mesophyll cells. Freshly made sections of the mesophyll of T. obovatum (figure 3) even showed that the round polyphenolic cells were easily separated from vicinal mesophyll cells, a property that might be interesting in cell culture assays.
With respect to the localization, these polyphenolic cells were scattered throughout the parenchymal cells in the seven species and also showed a lengthwise association with the mesophyll vascular system (figure 4). The still alived hyaline polyphenolic cell sections showed a green response under Toluidine Blue at pH 4 (figure 5). Furthemore this figure displays the mucilage from damaged cotyledon cells, which became violet as soon as the fresh cotyledon was sliced (figure 5).
After fixing in glutaraldehyde and carrying out an ordinary histological routine, followed by observation under an OM, figures 6 to 12 show the mesophylls and respective polyphenolic cells of the seven Theobroma species. As demonstrated by Martini (2004) the seed mesophyll was always folded and the pattern of folding varied amongst the seven species. The three most folded mesophylls were that of T. grandiflorum (figure 6), T. obovatum (figure 7) and T. subincanum(figure 8); consequently these mesophylls were the thinnest, with a thickness varying from 100 to 150 µm (figure 7). The mesophyll polyphenolic cell was frequently in the vicinity of vascular bundles for the seven species. The polyphenolic cells of T. bicolor (figure 9), T. speciosum (figure 10) and T. microcarpum (figure 11) were markedly aligned with the vascular bundles, and it was ubiquitous the mucilage inside all the mesophyll cells. In T. speciosum (figure 10) the mucilage leaked out of the mesophyll cells and was restrained into structured pockets as big as 400 × 300 µm. This was like intracellular mucilage, metachromatically staining purple with TB at pH 8. These characteristic T. speciosum pockets were always adjacent to polyphenolic cells (Martini 2004) . Finally, T. cacao (figure 12) showed another kind of fusion, i.e. fusion amongst the aligned polyphenolic cells. The amount of polyphenols, measured by spectrophotometry, showed a variation of about forty times amongst the seven species (table 1). Even the different T. cacao cultivars show a considerable variation in the amount of polyphenols, the T. cacao "Forastero" cultivar showing twice as much polyphenols as the other T. cacao varieties (table 1). Such higher polyphenol contents provide greater astringency to the chocolate. 
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Using SEM, the polyphenolic cells were shown to have a complex cytoarchitecture. After fixing the mesophyll with glutaraldhyde, the whole polyphenolic secretion could remain as one (figure 13), but frequently it ruptured and reorganized itself as round droplets, as exemplified by T. microcarpum and T. cacao polyphenolic cells ( figures  14, 15) . In both cases, the polyphenolic contents were covered by a visible membrane similar to the one covering the mucilage pockets in T. speciosum (Martini et al. 2003) .
As mentioned earlier, the polyphenolic cells of T. cacao had a tendency to form cell rows (figure 16). Depending on the degree of maturation of the cell rows, they remained individualized or became associated (figure 15). SEM showed extracelular interconnections Sections 6, 7, 8, 9, 11, 12 were stained with Toluidine blue at pH 4 and section 10 at pH 8: the metachromasy at pH 4 is greenish; the metachromasy at pH 8 for the mucilage pockets (M) of the T. speciosum is clear violet. 12. The arrows indicate the variation amongst the fused polyphenolic T. cacao cells. Bar = 100 µm (6, 10, 12); 50 µm (7, 8, 9, 11) . 19-21). At this early stage plastid bodies containing polyphenolic substances could already be seen (figures 19, 20) . Bruce et al. (1994) emphasized the extraordinary intraplastid capacity demonstrated during the early cell stages. According to Alemanno et al. (2003) , T. cacao phenolics synthesis may occur in immature seed tissues as a response to stressful conditions, owing to antioxidant capacity of these substances. However part of the polyphenol synthesis is correlated with the endoplasmic reticulum. According to Rühl & Biehl (1989) and Rühl & Dambroth (1989) , there is a trend to consider polyphenol synthesis as originated from the endoplasmic reticulum. This paper (figure 20) shows several plastid bodies containing homogeneous substances with aspect and density similar to those of polyphenolic substances. Figure 21 (T. cacao) shows a polyphenolic cell at a more advanced stage. The vesicles of polyphenolic substances have now occupied the periphery of the cell, as also demonstrated by SEM. During the preparation of fresh mesophyll tissue for SEM and TEM studies, the polyphenolic vesicle could eventually break, giving rise to many round vesicles (figures 14, 21). As mentioned above, during cell maturation, in the seven species, the polyphenolic cells also synthesized a rather small quantity of lipid, protein and starch (figure 22).
T. cacao.

20
22
